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(Communication présentée le 23 octobre 2008)
L’inquiétude croissante du public concernant l’utilisation des animaux à des fins de recherche biolo-
gique demande d’évaluer d’autres approches. Des modèles mathématiques sont souvent considérés
comme une alternative à l’expérimentation animale mais, à notre connaissance, peu de modèles ont
été conçus spécifiquement à cette fin. Par rapport aux autres disciplines scientifiques, l’approche sys-
témique et la modélisation sont relativement récentes dans la recherche en biologie. Une des raisons
conduisant à développer des modèles est l’intégration de l’état actuel des connaissances. Ainsi, plu-
sieurs modèles ont été développés pour mieux comprendre la digestion et le métabolisme des ani-
maux de rente. Bien que l’expérimentation animale ait été inévitable dans la construction de modèles,
ceux-ci se sont révélés très utiles pour orienter les recherches et éviter l’expérimentation animale redon-
dante. Des modèles nutritionnels peuvent également être utilisés en expérimentation virtuelle pour
tester l’effet des différents nutriments ou de stratégies alimentaires sur la performance, sur l’utili-
sation des nutriments et l’excrétion.
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The increasing public concern regarding the use of animals in biological research calls for the inves-
tigation of alternative approaches. Mathematical models are often seen as a possible alternative to
animal experimentation but, to our knowledge, few models have been designed specifically for this
purpose. Compared to other scientific disciplines, system-based approaches and modelling are rela-
tively recent developments in biological sciences. One of the reasons for model development is the
integration of current data, and several models have been developed to better understand the diges-
tive and metabolic processes in farm animals. Although their construction required unavoidable animal
experimentation, such models have proven very useful in further refining and orienting research ques-
tions, thereby avoiding redundant animal experimentation. Nutritional models can also be used in
virtual experimentation to test the effect of different nutrients or feeding strategies on animal per-
formance, nutrient utilization and excretion.
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INTRODUCTION
Animal experimentation has been a key element in biological
sciences to better understand the underlying processes. Since
the second half of the twentieth century, public awareness and
questioning concerning the necessity of animal experimenta-
tion has increased rapidly. Nevertheless, the question of the rela-
tionship between mankind and animals is of all times. Since the
18th century, this relationship has evolved from seeing animals
as «machines» implying a large degree of freedom concerning
their manipulation, to a vision in which the degree of suffering
imposed to animals is evaluated relative to the benefit than can
be drawn from experimentation (Vessier 1999). Russell &
Burch’s (1959) work «The principles of humane experimen-
tal technique» is seen as a major contribution in the re-thin-
king of the use of animals in experiments. In this work, they
lay down what is now known as the 3R’s of animal experi-
mentation: replacement, reduction and refinement. It is beyond
the scope of this paper (and beyond the expertise of the
authors) to provide a historical overview on the philosophy of
animal experimentation. The main purpose of this paper is to
address the question if and how mathematical modeling can be
used as alternatives to animal experimentation, focusing on
nutritional research concerning the digestive and metabolic pro-
cesses in pigs. Can models be used to reduce chirurgical inter-
ventions or, in general, can models be used reduce the utiliza-
tion of animals in research? Before answering that question, we
will first describe the main techniques that are used to study
digestion and metabolism in pigs (as a meat producing animal).
We will also describe the theoretical concepts of a systems
approach and how models can be used in studying these systems.
The last part of this paper will deal with two examples (one for
digestion and one for metabolism) where we will outline the
purpose of the model and describe the relationship between
these models and animal experimentation.
TECHNIQUES FOR STUDYING
DIGESTION AND METABOLISM
Nutritional studies concerning input-output relations are fre-
quently carried out in pigs. The interest in the digestive and
metabolic efficiencies is not only driven by economical reasons,
but also by environmental concern (e.g., nutrient excretion and
the use of limited feed resources). Digestibility measurements
are important to appreciate the nutritional value of feed ingre-
dients and complete feeds. The fecal digestibility of nutrients
can be measured without surgical intervention by total fecal col-
lection, although it requires confinement of the pig. Fecal diges-
tibility can also be measurement in free-moving animals by
inclusion of an indigestible marker in the feed and obtaining
spot-samples of the feces. Although fecal digestibility is a
useful measurement of the energy value of a feed, it cannot be
used to evaluate the nutritional value of protein and amino
acids. Because of the microbial fermentation in the hindgut and
re-secretion of ammonia in the hindgut, only ileally digestible
amino acids can be considered as a useful measurement of pro-
tein value. To measure ileal digestibility, surgical techniques such
as the use of (re–entrant) cannulas, ileo–rectal anastomosis, and
isolation of intestinal sections are used. Although these tech-
niques can be very useful, they may also interfere with the
«normal» digestion process.
Several non–invasive techniques exist to carry out nutrient
balance studies, although they require confinement of the
animal. Nitrogen balance studies are carried out to estimate the
nitrogen (protein) retention and require total collection of urine
and feces. Indirect calorimetry is used to measure O2 consump-
tion and CO2 production in an animal. These measurements
are indicative for the nutrient oxidation (and heat production)
of the animal. Combined with the measurement of the nitro-
gen balance, it allows estimating the lipid retention over rela-
tively short periods of time. The balance techniques allow esti-
mating the flow of nutrients (or energy) at the whole animal
level or between different functions, but do not allow estima-
ting the mass of nutrients in the body. Other invasive techniques
(e.g., dissection and chemical analysis) and non–invasive
techniques (electrical conductivity, X–ray absorptiometry,
NMR spectroscopy) are available to estimate the composition
of the whole body mass.
SYSTEMS AND MODELS
Defining the system
Living organisms are extremely complex systems and the idea
of a systems approach to research is intimately connected to
modeling (Sauvant 1992). A system is a collection of interac-
ting entities that form an integrated and greater whole. A system
can be defined by the structure and function of its underlying
components and processes. Von Bertalanffy (1901–1972) was
one of the pioneers in applying the systems approach to bio-
logy by considering living organisms as open systems. In an open
system, material and information is exchanged with the envi-
ronment. In this respect, the gastrointestinal tract can be
seen as a system that exchanges material and information (i.e.,
nutrients, secretions, signals) with its environment. In figure 1,
two representations of the gastro-intestinal tract are given.
Material enters the systems through feed intake (into the sto-
mach) and as endogenous secretions and leaves the system as
absorbed nutrients or as feces excreted from the cecum. The
system has functional and structural properties that allow
transforming inputs to outputs. Systems are not isolated because
the system of the gastrointestinal tract can also be seen as a set
of sub–systems (e.g., the individual organs or cell types invol-
ved in digestion). For example, in the upper panel of figure 1,
the small intestine is seen as being composed of two structures,
representing the duodenum and the ileum, whereas in the lower
panel, the small intestine is represented as a large number of
segments. A system can also be viewed as being part of a grea-
ter system (the organism), which itself is part of even greater
systems (e.g., population, community). The hierarchy of sys-
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tems has implications on the functional components and time
scale that will be used to represent the system. For example, at
the level of the organism, energy metabolism can be expressed
on a caloric or nutrient basis and the time scale ranges from
minutes (e.g., for athletes) to months or years when one is inter-
ested in obesity. At the cellular level, these notions have
little or no meaning as energy will be expressed as ATP or proton
motive force and the time scale is typically represented at the
level of milliseconds. This means that each level of a system has
its own concepts and language.
Thinking in terms of systems implies a generalization of reality.
One of the fundamental concepts of a systems approach is the
definition of a boundary that separates the system from its envi-
ronment. All entities that will be specifically considered in the
representation of the system are placed within the boundary,
whereas others are placed outside the boundary. In figure 1, the
structures and the flows between the structures are considered
to be part of the system. All material leaving the stomach should
be accounted for and enter the duodenum. On the other
hand, although digestion and absorption may be accounted for,
the fate of absorbed nutrients is not. Consequently, absorbed
nutrients are not considered to be part of the system represented
in figure 1 and are outside the system boundary. The same holds
for the origin of the endogenous secretions. As biological sys-
tems are considered as open systems, the environment will have
an impact on the system and vice versa. Placing elements out-
side the boundary therefore does not imply a lack of influence,
but rather a lack of direct control or interest.
Biological systems are complex systems
A characteristic of biological systems is their complexity.
Complexity refers to the property that the behavior of the system
is not the obvious result of the properties of the individual parts.
In that respects, the systems approach has been opposed to the
Cartesian approach. According to Sauvant (1992), the com-
plexity is due to the numerous systems and subsystems that make
up the organism and the relationships that exist between
these systems. The different levels of organization, the different
nature, and different time scales of the subsystems make it vir-
tually impossible to deduce the behavior of the organism from
the behavior of the individual components. For example, traf-
fic jams are an easy to understand emerging property of a com-
plex system: no individual car driver deliberately wants to pro-
voke a traffic jam, but interactions (or lack thereof) between
drivers are often sufficient to provoke one. Cornish-Bowden et
al. (2004) also underlined the importance that knowledge of
the parts of a biological system is insufficient to understand the
functioning of the whole.
Different types of mathematical models 
to represent complex systems
A mathematical model is an equation (more often: a set of equa-
tions) that describes the behavior of a system. France &
Thornley (1984) classified models using a typology of three
classes. In their view, models differ in the degree of being mecha-
nistic or empirical, dynamic or static, and deterministic or sto-
chastic. Empirical models are typically used to describe a phe-
nomenon, whereas mechanistic model also try to explain it using
the underlying mechanisms. For example, an empirical model
of growth could describe growth as a function of time (e.g., logis-
tic model, Gompertz model) whereas a more mechanistic
approach would try to achieve this by accounting for nutrient
intake, growth of specific tissues etc. Mechanistic models thus
use information at lower levels of aggregation (mostly i-1, some-
times i-2) to describe phenomena that occur at level i. The dis-
tinction between empirical and mechanistic models is somew-
hat arbitrary as phenomena that occur at lower levels of
aggregation are described by empirical relations. A good
example of this is the model of milk production by Neal &
Thornley (1983). This mechanistic model describes the milk
production of cattle by representing undifferentiated and dif-
ferentiated cells of the mammary gland. Cell differentiation is
regulated by a single hormone (one hormone does it all)
whose concentration varies empirically duration lactation.
Although mechanistic models have been regarded for a long
time as being « superior» to empirical models, there is a rene-
wed interest in empirical models, especially to develop response
curves using meta-analysis (see later).
Dynamic models specifically describe the change of the system
over time, whereas static models do not. A static model of diges-
tion would describe how different nutrients interact in terms
of digestive efficiency (e.g., the effect of fiber on nitrogen diges-
tion), whereas a dynamic model would describe the dynamics
of the digestive process (e.g., as a function of transit time of
digesta). Finally, deterministic models give definite predictions
as model output, whereas stochastic models include uncertainty
in model predictions. Because of the complexity of dealing with
random events, and especially to account for the relationships
Figure 1: Representation of the digestive system used in diffe-
rent digestion models in pigs. In the upper panel (Bastianelli et al. 1996,
Strathe et al. 2008), the small intestine is represented as two distinct anatomical
structures whereas in the lower panel (Usry et al. 1991, Rivest et al. 2000),
a large number of segments is used. Endogenous secretions are indicated by ver-
tical arrows providing inputs to the system, whereas absorption is indicated by
vertical arrows that are outputs from the system. Feed intake and fecal excre-
tion are indicated by horizontal arrows providing respectively an input and an
output to the system.
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that exist between different random events, few stochastic
models of digestion and metabolism exist.
Reasons to use mathematical models 
in biological research
The reasons to develop mathematical models of a system are
numerous, including prediction, simplification, analysis, expla-
nation, exploration and diagnosis (Sauvant 1992). In certain
scientific disciplines, experimentation is difficult or impossible
and models (i.e., theory development) have been used as
alternatives to experimentation. For example, models are
widely used in astronomy and climate research and these
models are (in)validated and improved mainly by observing the
current (or past) system. Similarly, research on agricultural pro-
duction systems is also mostly carried out using modeling
techniques. The facts that the animal is «accessible» and that
animal experimentation is still possible have probably contri-
buted to the low use of mathematical models in biological
research compared with other scientific disciplines.
The type of question determines to a large extent the type of
model that will be developed. In that respect, it is virtually
impossible to provide a single answer on how mathematical
models can be used to reduce surgical interventions or, in gene-
ral, reduce the use of animals in research. There are several
examples available in the literature on how models helped in
designing drugs (known as computer–assisted drug design). This
type of modeling helps in testing different drug candidates on
their potential effect based on the functional properties of a drug
and the target receptor. Only the most promising candidates will
be used later in animal experiments, thereby reducing the need
of animal experimentation.
AN EXAMPLE OF A DIGESTION MODEL
As indicated above, studying digestion is a key element in the
determination of the flow of nutrients available for metabolism
and numerous animal experiments have been carried out to
quantify and manipulate these flows. Given the number of mea-
surements to be carried out, the experimental difficulties for
obtaining these measurements and the possible experimental
bias, modeling approaches have been used.
Models describing digestion in pigs are generally dynamic,
deterministic and mechanistic at the level of observations.
Most digestion models are compartmental models, where mate-
rial is stored in one or more uniform compartments (or pools)
and the flow of material between compartments is described by
a system of differential equations. The most recent model of
digestion in pigs was proposed by Strathe et al. (2008) and
includes four anatomical structures (i.e., stomach, proximal and
distal small intestine, and the large intestine; figure 1) divided
into 38 compartments representing the main nutrients in the
anatomical structures. For example, one the compartments in
Strathe’s model describes the quantity of amino acids in the duo-
denum. Inputs for this compartment are free amino acids that
arrive directly from the stomach and amino acids derived from
the hydrolysis of (dietary and endogenous) proteins present in
the duodenum. Outputs from this compartment include the
absorption of amino acids from the duodenum and the flow of
amino acids from the duodenum to the ileum. Strathe’s model
illustrates that modeling and animal experimentation are com-
plementary approaches, as their work is based on previous
models (mainly that of Bastianelli et al. 1996) and experiments
focusing on the weaknesses identified by those models. The bene-
fit of the progressive construction of models is their impact on
the choice of further experiments to be carried out. One of the
key areas identified by previous digestion models is the neces-
sity to quantify the rate of digesta transit in different segments
of the digestive tract. This has been a focus point for experimental
research in our laboratory (Wilfart et al. 2007) and the results
of these experiments are now used in digestion models.
Another aspect identified by several digestion models was the
limited impact of absorption parameters on the overall diges-
tibility of nutrients in the gastrointestinal tract. This reduces,
of course, the need to quantify in great detail the absorption
kinetics. Our current research program mainly focuses on the
availability of nutrients within the digesta bolus. The physical
and chemical characterization of the digesta bolus during the
digestion process can be evaluated using in vitro studies the-
reby providing a partial substitute to animal experiments.
Another example to illustrate the interaction between mode-
ling and experimentation is currently carried it in our labora-
tory and concerns a model of the intestinal flow of P and Ca.
So far, little attention has been paid to these nutrients in diges-
tion models. The impact of animal production on the envi-
ronment and economic aspects (P is rapidly becoming a limi-
ting resource) on the one hand, and the scientific question
concerning the interaction between P and Ca in the gas-
trointestinal tract on the other hand provoked our interest in
modeling the Ca and P metabolism. The model is based on a
structure similar to that of Strathe et al. (2008), without
accounting for the large intestine, while focusing on representing
the flows of Ca and P in different forms under different physi-
cal and chemical conditions (e.g., resulting in different solu-
bilities). Model development is carried out by going back and
forth between collecting missing data and hypothesis testing
using animal experiments. The progress in model development
is the result of the integration of existing data (meta-analysis,
acquire knowledge form experts), the generation of new results
and the development and representation of specific mechanisms
concerning Ca and P metabolism. For the last two steps,
animal experimentation appears inevitable. However, the
modeling approach allows targeting specific research questions
thereby limiting the use of experimental animals.
AN EXAMPLE OF A METABOLIC MODEL
Our second example to illustrate the complementarity between
experimental and modeling approaches is a model we develo-
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ped to test different nutritional scenarios in growing and sows
(Dourmad et al. 2008; van Milgen et al. 2008b). Apart from the
model (i.e., the mathematical equations), we also developed a
software tool allowing easy manipulation of the model by
nutritionists or in an educational setting. The model uses the
supply of digestible nutrients as inputs and the digestive pro-
cess is thus considered to be outside the boundary of the
model. Within the boundary, the model accounts for the
metabolism of nutrients (e.g., energy, amino acids).
Mathematically, the model is based on two compartments (or
state variables) of body protein and lipid mass from which
animal production traits such as body weight gain, muscle per-
centage and backfat thickness are calculated (figure 2). For gro-
wing pigs, the total body protein and lipid mass will only cumu-
late. However, sows will mobilize body protein and lipid during
lactation and this is accounted for in the model. Despite the
fact that the model may seem simple, it is composed of nume-
rous response curves describing the way the animal responds to
the (changing) nutrient supply. For example, protein accu-
mulation will vary over time and between phenotypes. In addi-
tion, the quantity of feed eaten and the types of nutrients in the
diet will affect protein deposition. The model therefore includes
numerous response curves indicating how protein and lipid
deposition will vary under these conditions. Over the last 25
years, a large number of these response curves have been esta-
blished in our laboratory using animal experiments. For
example, the relationship between energy intake and protein
deposition used in the model originated from experiments car-
ried out on a total of almost 100 pigs (using 3 different geno-
types) at different stages of growth. The nitrogen and energy
balances were carried out as described above and pigs were
slaughtered and dissected as the end of the experiment to mea-
sure body composition and the distribution of protein, lipid and
ash between tissues. The reason that we needed a relationship
between energy intake and protein deposition is that (at least
in France) most pigs are offered feed at a restricted level at the
end of the finisher period in order to avoid excessive fat depo-
sition. This means that protein and fat deposition under prac-
tical conditions differs from that what the animals could
potentially deposit. In order for the model to have broad
applicability, we needed to include a response curve describing
how pigs respond to a feed restriction. However, the model
should be able to respond to different degrees of feed restric-
tion, different period of time during which this feed restriction
will be applied, and be applicable to multiple genotypes and gen-
ders. It goes without saying that even after performing an expe-
riment involving almost 100 pigs; a large degree of generaliza-
tion was needed to include a response curve in the model.
The example above illustrates that it is very difficult to
construct a mechanistic model of animal nutrition without
animal experimentation. How can such a model then be used
to reduce animal experimentation? In a research context, one
of the greater benefits of constructing and using models is that
it helps in identifying the more relevant questions. Models can
easily pinpoint to areas where the current state of knowledge
is lacking. One of the ambitions of our model project is to pre-
dict carcass quality of pigs (Lizardo et al. 2002). Carcass qua-
lity is, in part, determined by the fat and fatty acid deposition
in different parts of the body. Especially the polyunsaturated fatty
acid content in the carcass is receiving attention because of its
impact on human nutrition and health. There is a considerable
body of literature concerning the relationship between the fatty
acid content of diets fed to pigs and the fatty acid composition
of the animals, mainly in backfat. However, it appeared very
difficult to find information concerning the metabolic fate of
dietary fatty acids in growing pigs (i.e., deposition, oxida-
tion). Moreover, the only two publications in which the rela-
tionship between fatty acid intake and deposition was quanti-
fied provided opposing information concerning the metabolic
fate of dietary fatty acids. Consequently, the modeling exercise
illustrated that it was very difficult to propose a response curve
between fatty intake and fatty acid deposition, even though it
is commonly known that such a relationship exists. Subsequent
animal studies have been carried in out in our laboratory to
quantify this relationship.
A second area in which models can be used is in virtual experi-
mentation (reduction or replacement in Russell & Burch’s ter-
minology). Animal production has an important environmen-
tal impact and this impact can be manipulated to a great extent
by appropriate nutritional strategies. We recently used our nutri-
tional model in virtual experimentation to quantify the extent
to which N and P excretion can be reduced by appropriate fee-
ding strategies (van Milgen et al. 2008a). However, the question
remains how much «faith» the scientific community (or the
public in general) will have in results originating from virtual
experimentation, relative to results from animal experiments. 
Figure 2: Flow of energy through a metabolic model of growth
in pigs (van Milgen et al., 2008b). Digestible nutrients (DE) enter the system
and are converted to metabolizable (ME) and net energy (NE) equivalents (energy
losses are not indicated here). The NE can be used for used for different pur-
poses including the accumulation in body protein and body energy. Body weight
and backfat thickness are calculated through empirical relations from body pro-
tein and lipid mass. The partitioning of energy between protein and lipid depo-
sition is driven by the animal potential (age, genotype), the amino acid supply
and total energy supply.
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META-ANALYSIS
As indicated earlier, the development of predictive models
requires the establishment of response curves. Although animal
experimentation may be inevitable for certain specific questions,
there is an enormous body of literature available that may be
helpful in the construction of response curves. There is an
increasing trend in nutritional sciences to use meta-analyses as
a tool to develop response curves. For example, in a recent issue
of Animal Feed Science and Technology dedicated to mode-
ling, Bermingham et al. (2008) developed a response curve rela-
ting nutrient intake to the portal flux of energy metabolites using
literature data from sheep, and growing and lactating cattle.
Sauvant et al. (2008) distinguishes three phases of a meta-ana-
lysis. The first concerns the definition of the research objectives,
determination of criteria to select literature data, and encoding
of this data in a database. Second, a visual (graphical) apprai-
sal of the data is required to identify global and specific rela-
tionships that help in constructing a conceptual statistical model
and the last phase concerns the statistical analysis of the data.
The reader is referred to several recent articles in the literature
describing the usefulness and techniques used in meta-analy-
sis (St-Pierre 2001; Sauvant et al. 2008). Like other approaches
to science (experimentation, modeling), a meta-analysis is a
very-time consuming operation but allows putting new life to
old data. From that respect, it represents an excellent alterna-
tive to animal experimentation.
CONCLUDING REMARKS
It is probably not realistic to assume that mathematical models
can soon be a full alternative to animal experimentation. As
indicated above, considerable knowledge, often based on
animal experiments, is required to construct and challenge
models of biological processes. Moreover, these processes are very
complex and it is unlikely that researchers will be able to fully
understand and model the driving mechanisms of life without
animal experimentation. Nevertheless, we think that mathe-
matical models can help in reducing and (partially) replacing
animals. There should be a strong link between modeling and
animal experimentation and this link should go in both direc-
tions. As it is virtually impossible to develop a model without
animal experimentation, there should be no animal experi-
mentation without a model. Of course, most researchers have
a mental model of the problem they are studying. Transforming
the mental model into a mathematical model will force the
researcher to be explicit, help them in organizing the current
state of knowledge and pinpoint to areas where knowledge is
lacking. Used as such, models can certainly help in reducing
the unnecessary use of experimental animals.
